Vaccination against Brucella infections in animals is usually performed by administration of live attenuated smooth B. abortus strain S19 and B. melitensis strain Rev1. They are proven effective vaccines against B. abortus in cattle and against B. melitensis and B. ovis in sheep and goats, respectively. However, both vaccines have the main drawback of inducing O-polysaccharide-specific antibodies that interfere with serologic diagnosis of disease. In addition, they retain residual virulence, being a cause of abortion in pregnant animals and infection in humans. To overcome these problems, one approach is to develop defined rough mutant Brucella strains lacking O antigen of lipopolysaccharide. B. abortus rough strain RB51, a rifampin-resistant mutant of virulent strain B. abortus 2308, is used as a vaccine against B. abortus infection in cattle in some countries. However, RB51 is not effective in sheep, and there is only preliminary evidence that it is effective in goats. In this study, we tested the efficacies of six rifampin-resistant rough strains of B. melitensis in protecting BALB/c mice exposed to B. melitensis infection. The protective properties, as well as both humoral and cellular immune responses, were assessed in comparison with those provided by B. melitensis Rev1 and B. abortus RB51 vaccines. The results indicated that these rough mutants were able to induce a very good level of protection against B. melitensis infection, similar to that provided by Rev1 and superior to that of RB51, without inducing antibodies to O antigen. In addition, all B. melitensis mutants were able to stimulate good production of gamma interferon. The characteristics of these strains encourage further evaluation of them as alternative vaccines to Rev1 in primary host species.
Brucellosis is a major zoonotic disease, widely distributed in humans and domestic and wild animals, especially in developing countries. Among the different species of the Brucella genus, B. abortus and B. melitensis are the most pathogenic and virulent, not only for cattle or for sheep and goats, respectively, but also for other animal species. The occurrence of the disease in humans is largely dependent on the animal reservoir, with the highest rate of human infection in areas where rates of brucellosis in sheep and goats are high (6, 35) .
Brucellosis vaccines are essential elements in control programs. Attenuated B. abortus strain 19 and B. melitensis strain Rev1 are proven effective vaccines; they induce good levels of protection against B. abortus in cattle and against B. melitensis in sheep and goats, preventing premature abortions (7, 30, 31) . However, both vaccines have the drawback of inducing Opolysaccharide-specific antibodies that interfere with the discrimination between vaccinated and infected animals during serological screening (7, 31) . In addition, they retain pathogenicity and sometimes cause abortion in vaccinated animals (10, 18, 41) and remain infectious for humans (3, 5, 26) . The use of the conjunctival route when administering B. melitensis Rev1 vaccine significantly reduces the intensity and duration of serological interfering responses, but the safety and duration of the immunity conferred by this method are still under debate (11) . One of several approaches for the development of alternative vaccines is to use live attenuated Brucella strains lacking O antigen (rough strains). The fact that B. abortus 45/20, a rough organism with little or no ability to induce O-chain antibodies, can induce significant protection against infection with B. abortus indicates that rough strains can be used to induce protective immune responses, avoiding the diagnostic problems described above. Unfortunately, B. abortus 45/20 is not totally devoid of an O chain (37, 38) , and it tends to revert to the smooth, virulent form when used as a live vaccine (25, 46) .
Recently, B. abortus strain RB51 has been approved in the United States as a vaccine for bovine brucellosis. This strain, a rough rifampin-resistant B. abortus mutant derived from virulent B. abortus strain 2308, shows negligible interference with serological diagnosis and induces protective immunity in cattle similar to that afforded by B. abortus S19 (9, 34, 43) . Data obtained using mice showed that RB51 is able to protect against infections with heterologous Brucella strains, including B. melitensis, B. ovis, B. abortus, and B. suis (19) . However, protection against abortion and infection after a challenge with the virulent B. melitensis H38 strain in sheep is less than that provided by the conventional Rev1 vaccine (11) . In addition, RB51 vaccine does not confer protection against B. ovis in rams (20) .
It has been speculated that rough mutants of B. melitensis or B. suis could induce protective immunity which could be superior to that induced by RB51 (40) . For this purpose, the disruption mutants B. melitensis VTRM1 and B. suis VTRS1 were constructed using the Brucella wboA gene sequence. These mutants, tested in mice against infection with heterologous and homologous Brucella species, showed good protection in comparison with that afforded by vaccines of killed cells in adjuvant (45) . However, strain VTRM1 used as a vaccine in pregnant goats conferred only partial protection against infection and abortion following challenge (12) .
In a previous study, the genetic bases for rifampin resistance in Brucella spp. were investigated and different rpoB genotypes associated with the rifampin resistance phenotype were determined (24) . In order to develop defined rough vaccine strains, in this study we evaluated the efficacies of six rifampin-resistant rough mutants of B. melitensis with different rpoB genotypes in protecting mice exposed to B. melitensis infection. The protective properties of these strains as well as both humoral and cellular immune responses were assessed in comparison with those afforded by B. melitensis Rev1 and B. abortus RB51 conventional vaccines.
MATERIALS AND METHODS

Animals.
For this study, 8-to 9-week-old female BALB/c mice, weighing 21 to 25 g, were used. Mice were provided by Harlan Italy (Udine, Italy). They were maintained in barrier housing with filtered inflow air in a restricted-access room and under pathogen-limited conditions. They were fed a commercial diet, and water was provided ad libitum. All mice were acclimatized for a minimum of 1 week prior to experimentation.
Bacterial strains and growth conditions. The following Brucella strains were used: (i) six rough rifampin-resistant (Rif r ) mutants of B. melitensis, named RBM9, RBM11, RBM14, RBM15, RBM17, and RBM19, showing different rpoB gene sequences as indicated in Table 1 and produced as described below; (ii) B. melitensis vaccine strain Rev1, provided by the Veterinary Laboratories Agency of Weybridge, United Kingdom; (iii) B. abortus vaccine strain RB51, provided by the Cooper-Zeltia Veterinaria, S.A., Spain; and (iv) B. melitensis strain 16 M, for challenge exposure, provided by the Veterinary Laboratories Agency. All Brucella strains were cultured at 37°C on brucella agar medium (Oxoid Ltd., Hampshire, England) supplemented with 5% horse serum (BAS).
Production and characterization of B. melitensis Rif r mutants. Rif r rough mutants were derived from two rifampin-susceptible (Rif s ) laboratory rough strains of B. melitensis according to published procedures with minor modifications (39) . Briefly, parental Rif s strains were grown on BAS containing concentrations of rifampin rising from 40 to 400 g/ml. All clones obtained were inspected for roughness by crystal violet staining and by autoagglutination reaction with acriflavine solution (1/1,000) as described by Alton et al. (4) . As described previously (24) , all clones were inspected for the presence of mutations in the sequence of the rpoB gene, which encodes the ␤ subunit of the DNAdependent RNA polymerase, the target of rifampin in prokaryotes (22, 23) . Phenotypic and genetic characteristics of the rough strains are shown in Table 1 .
Phenotypic stability of B. melitensis rough mutants. Prior to testing as vaccines, B. melitensis rough strains were tested in vitro and in vivo to verify the tendency to revert to a virulent smooth phenotype. These strains were passaged 40 times at 37°C on BAS plates every 5 days of growth. After each passage, colonies were inspected for roughness as described above. In addition, colonies of each strain were inoculated intraperitoneally (i.p.) into BALB/c mice. Ten days later, the mice were killed by cervical dislocation and colonies were isolated from the spleen, inspected for the rough phenotype, and inoculated again into mice. This procedure was repeated three times.
Preparation of cultures for vaccination and challenge experiments. All Brucella strains were cultured on BAS. In order to inoculate the same number of CFU for each strain, the exact concentration of all suspensions was determined by viable counts of 10-fold dilutions following incubation on BSA plates for 48 h. During this period, suspensions were kept at 4°C; in previous experiments we observed that no significant decrease of viable organisms occurs during this period under these storage conditions. After determination of counts, cultures were adjusted to the desired concentration.
For the vaccination, suspensions of RB51 and B. melitensis mutant strains were adjusted to a concentration of 5 ϫ 10 8 CFU/ml, while the Rev1 suspension was adjusted to a concentration of 5 ϫ 10 5 CFU/ml. For challenge exposure, B. melitensis 16 M bacteria, previously inoculated into BALB/c mice to enhance their virulence, were adjusted to a concentration of 10 6 CFU/ml. Vaccination. BALB/c mice were divided into nine groups of 25 animals each. As described in previous studies (14, 19) , groups I to VII were inoculated i.p. with 0.2 ml of sterile saline containing 10 8 CFU of strains RBM9, RBM11, RBM14, RBM15, RBM17, RBM19, and RB51, respectively. Mice of group VIII were inoculated subcutaneously with 0.2 ml of sterile saline containing 10 5 CFU of Rev1 vaccine. Group IX received saline and was kept as negative control (Table 2) .
Bacterial clearance. To evaluate the bacterial clearance, five mice of groups I to VII were bled and sacrificed at 7, 15, and 40 days postvaccination (dpv). At the same time, five mice from a group inoculated i.p. with 10 7 CFU of B. melitensis 16 M were sacrificed. Spleens of mice, removed aseptically, were weighed and homogenized in PBS. An aliquot was plated for Brucella organism detection in order to evaluate the bacterial clearance, while another aliquot was used to determine the gamma interferon (IFN-␥) production as described below. Bacteriological and serological examinations were performed as described below.
Protection assay. As indicated by the Office International des Epizooties for quality control of smooth live anti-Brucella vaccines (33), the protective activity was evaluated by the immunogenicity test, which compares the abilities of mice receiving the experimental vaccines, a reference vaccine, and a placebo (unvaccinated controls) to restrict the spleen infection after a standardized virulent challenge. According to the experimental conditions suggested, 10 mice of groups I to IX were challenged i.p. with B. melitensis 16 M, at 2 ϫ 10 5 CFU per subject, at 40 dpv. Two weeks later, mice were killed by cervical dislocation and spleens were removed for bacteriological examination and for IFN-␥ production evaluation as described below. A mean value for each spleen count was obtained after logarithmic conversion (27) . Vaccine efficacy was expressed as log 10 units of protection. Units of protection were obtained by subtracting the mean logarithmic count for each vaccinated group from the mean logarithmic count for the unvaccinated control group.
Bacteriological examination. To detect Brucella organisms, spleens were aseptically removed from sacrificed mice, individually weighed, and diluted 1/10 (wt/wt) in sterile phosphate-buffered saline. Further dilutions were made, and 0.1 ml of each dilution was plated in triplicate onto BAS medium and incubated at 37°C for 5 days. The Brucella isolates were identified by Gram staining, colony morphology, and Brucella-specific PCR procedures (8) .
Genetic stability of Rif r B. melitensis mutants. The whole rpoB genes of the Brucella rough mutants were amplified and sequenced as previously described (24) . The presence of the specific mutations of each genotype was confirmed after in vivo passages by sequencing the rpoB genes of colonies recovered from spleens of vaccinated mice.
Production of IFN-␥. For IFN-␥ production, evaluation was done with mice killed at 7, 15, and 40 dpv and 15 days after challenge exposure. Spleen suspensions of sacrificed mice, previously diluted 1/10 (wt/wt) in saline, were tested without stimulation by using a mouse IFN-␥-specific antigen capture enzymelinked immunosorbent assay (Quantikine M kit; R&D Systems). All assays were performed in duplicate, and the concentration was calculated by using a linear regression equation obtained from the absorbance values of the standards according to the manufacturer's procedures.
Serological examination. To evaluate antibody responses, blood samples were collected from the retro-orbital sinuses of mice under anesthesia and sera were stored at Ϫ20°C until use. Serum samples were tested by the complement fixation test (CFT) and Rose Bengal plate test (RBPT) with S-type B. abortus strain 99. Tests were done as described by Alton et al. (4) . To detect antibodies induced by RB51 and B. melitensis rough strains, a CFT was performed using B. abortus RB51 as the antigen, which is deprived of the anticomplementary activity due to the rough phenotype, as previously described (1, 2) .
Statistical methods. Differences among groups were estimated by a nonparametric Mann-Whitney test. A P value of Յ0.06 was considered significant.
RESULTS
Stability of rough mutants.
No reversion to the virulent smooth phenotype was observed in B. melitensis rough strains after passages in vitro and in vivo. In addition, bacteria of mutant strains recovered from spleens of vaccinated mice were genetically investigated, and the presence of the specific mutations in the rpoB gene sequence was confirmed.
Bacterial persistence. Bacterial clearance of the RBM9, RBM11, RBM14, RBM15, RBM17, RBM19, and RB51 strains in comparison with that of the virulent B. melitensis 16 M strain is shown in Fig. 1 . As indicated, all B. melitensis rough strains replicated extensively in spleen, showing bacterial persistence similar to that of RB51. A marked decline of spleen colonization was observed at 40 dpv in all vaccinated groups; at this point, about 10 2 CFU was detected in mice vaccinated with RBM9, RBM11, RBM15, RBM17, and RBM19, while 10 3 and 10 CFU was recovered from RBM14-and RB51-vaccinated mice, respectively. At the same time, 2 ϫ 10 6 CFU of brucellae was still detected in spleens of mice inoculated with the virulent B. melitensis 16 M strain.
Antibody responses. Antibody responses induced by vaccine strains were evaluated at 7, 15, 30, and 40 dpv and 15 days after the challenge with B. melitensis 16 M (Fig. 2) . As expected, mice vaccinated with the rough Brucella strains, tested prior to challenge exposure, did not react in serological tests (serum agglutination test, RBPT, and CFT) in which S-type B. abortus S99 is used as the antigen (data not shown). The results of the CFT performed using S99 and RB51 antigens, expressed as percentage of seropositive mice, are shown in Fig. 2 . As indicated, no antibody response to RB51 was detected at 7 dpv in mice vaccinated with B. melitensis rough strains, while 50% of RB51-vaccinated mice were positive. At 15 dpv, responses to RB51 ranged from 20% to 100% in mice vaccinated with RBM9, RBM11, RBM14, RBM19, and RB51, while no reaction was found by testing mice vaccinated with RBM15 and RBM17. The highest percentage of reactors to RB51 was observed at 40 dpv; at this time, from 80% to 100% of all vaccinated mice seroconverted to RB51. As expected, after the challenge with B. melitensis 16 M, antibodies to the virulent strain were produced in all groups; the percentage of vaccinated mice reacting to S99, as measured 15 days after the challenge, ranged from 30% (RB51) to 100% (RBM17). At the same time, 30% of unvaccinated mice (control) subjected to the same challenge seroconverted to S99 antigen when tested by CFT, while 70% of these mice were positive by the RBPT (data not shown).
Production of IFN-␥.
The results for IFN-␥ production are shown in Fig. 3 . When IFN-␥ production in spleen tissues was tested at 7, 15, and 40 days after vaccination, we found that all strains were able to induce IFN-␥. However, the production of IFN-␥ seemed to be higher with most of the examined strains than with RB51, and it seemed to be quite precocious, peaking at 7 dpv. The production of IFN-␥ in mice killed 15 days after challenge with B. melitensis 16 M was higher in the unvaccinated group than in the vaccinated group.
Protection against challenge. Protection was defined as the difference between the number of viable B. melitensis bacteria recovered from spleens of immunized mice and that recovered from spleens of mice receiving saline. Vaccine efficacy was expressed as log 10 units of protection. The results are summarized in Table 2 . The protection in mice vaccinated with all B. melitensis rough strains versus control mice was statistically significant (P Ͻ 0.06). The vaccination with Rev1 and RB51 reference vaccines conferred, respectively, 2.5 and 1.13 protection units. A very good level of protection was observed in mice vaccinated with RBM14 and RBM17 (2.60 and 2.83 protection units, respectively), similar to that conferred by Rev1 (P Ͼ 0.06) and significantly higher than that in RB51-vaccinated mice (P Ͻ 0.06). The RBM9 and RBM15 strains also conferred good protection (1.94 and 1.87 protection units, respectively), similar to that of Rev1 (P Ͼ 0.06). Strains RBM11 and RBM19 showed protective efficacy similar to that of RB51 (P Ͼ 0.06), at 1.02 and 1.10 protection units, respectively (Table 2) . Brucella organisms of challenge strain 16 M were recovered from all unvaccinated mice (infection rate, 100%).
DISCUSSION
A variety of strategies are being used for developing new Brucella vaccines, especially in obtaining attenuated strains, cell extracts, or recombinant proteins. Limited success has been obtained with DNA vaccines encoding known protective antigens. Among these strategies, attempts are being made to develop defined rough mutant vaccines to overcome the main problem of production of antibodies which interfere with diagnostic tests (5, 29, 40, 44) .
Rough Brucella organisms lack the polysaccharide O chain of the lipopolysaccharide (LPS) molecule. The O chain plays a central role in the serological diagnosis of brucellosis; it is an immunodominant antigen able to induce an antibody response in animals exposed to smooth Brucella organisms, and it is detected by standard serological tests. Recent data indicate that O-chain properties are firmly linked to Brucella virulence on October 15, 2017 by guest http://iai.asm.org/ (21) . Usually, the change from smooth to rough phenotype is associated with a marked decline in virulence.
In this study, we compared the vaccine properties of six rifampin-resistant rough mutants of B. melitensis, named RBM9, RBM11, RBM14, RBM15, RBM17, and RBM19, with those of the Rev1 and RB51 reference vaccines. Previous studies indicated that the addition of rifampin to the medium tended to turn B. abortus cultures rough and that organisms resistant to rifampin were less virulent than rifampin-susceptible strains (28) . RB51 has also been used for comparative evaluation because of its well documented ability in mouse models to confer protection not only against B. abortus infection but also against B. melitensis and B. ovis (19) . In fact, other authors compared B. melitensis rough mutants with S19, Rev1, and RB51 vaccines (45) . In addition, unlike Rev1, strain RB51 has the same rough phenotype and the same rifampin resistance as the experimental Brucella strains used in this study.
As described in Table 1 , the B. melitensis rough mutants used in this study showed the same rifampin-resistant phenotype but different rpoB genotypes. They proved to be stable in characteristics after repeated passages in vitro and in vivo: no tendency to revert to the virulent smooth phenotype was found, and the presence of specific mutations in the rpoB gene sequence of each genotype was confirmed after many passages, indicating genetic stability.
To evaluate virulence, experiments were performed with BALB/c mice to monitor bacterial clearance of each mutant compared to RB51 and to the virulent B. melitensis 16 M strain. To achieve this, as previously suggested (14), rough strains were given intraperitoneally, at 10 8 CFU/mouse, while the B. melitensis 16 M smooth strain was administered subcutaneously at 10 5 CFU/mouse. The splenic growth curves indicated that B. melitensis rough mutants replicated extensively in spleen and were significantly less virulent than the virulent B. melitensis 16 M strain (P Ͻ 0.06); in fact, at 40 dpv the number of brucellae recovered from spleens of vaccinated mice was markedly reduced (about 10 2 CFU), while at the same time, 2 ϫ 10 6 CFU of brucellae was still detected in mice infected with B. melitensis 16 M (Fig. 1) . RB51, as previously observed (19) , showed a lower ability to replicate in BALB/c mice. Strains RBM9, RBM15, RBM17, and RBM19 showed bacterial clearances similar to that of RB51 (P Ͼ 0.06), while strains RBM11 and RBM14 were significantly different from RB51 (P Ͻ 0.06). The reduced virulence of rough mutants is likely due to the absence of smooth LPS, promoting ingestion and killing by macrophages and a reduced ability to stimulate suppressor T-cell activity (16, 17, 42) . The evaluation of serological responses induced by rough strains confirmed their inability to produce antibodies to LPS O antigen. In fact, no reaction was obtained in the CFT, RBPT, or serum agglutination test with the S-type B. abortus 99 strain as the antigen. However, according to previous studies (15, 36) , rough mutants produce antibodies which can be detected by using RB51 as a rough antigen in a CFT. The production of rough antibodies appeared 1 week postvaccination in mice vaccinated with RB51 and at 2 weeks postvaccination in the other groups. At 6 weeks postvaccination, the percentage of reactors to RB51 ranged from 80 to 100% (Fig. 2) . As expected, after the challenge exposure to B. melitensis 16 M, all vaccinated mice produced antibodies to LPS of O antigen. However, the percentage of mice that were seropositive to B. abortus S99 was higher in rough mutant-vaccinated groups (from 50 to 100%) than in RB51-vaccinated or control groups (30% for both); the highest percentage of reactors was observed in the RBM17-vaccinated group (100%). The 30% seroconversion to S99 could seem to be a weak response; however, 70% of control mice were positive when tested with the RBPT (data not shown). In addition, Brucella organisms of challenge strain 16 M were recovered from all unvaccinated mice (infection rate, 100%), thus confirming that the experiment was performed under controlled conditions. The difference between the RBPT and CFT results could be due to different antibody subisotypes detected, in addition to individual variability. The results of the IFN-␥ production evaluation indicated that the spleen colonization of rough mutants was, to an extent, enough to prompt an adequate cell-mediated immune response, which is essential for controlling intracellular pathogens. At 7 dpv, the IFN-␥ level, evaluated ex vivo without stimulation of lymphocytes, was significantly higher in RBM14-and RBM15-vaccinated mice than in RB51-vaccinated mice; at 15 dpv, the IFN-␥ production decreased, yet the mean value was still higher in mice vaccinated with rough mutants than in the RB51-vaccinated mice (Fig. 3 ). After challenge with B. melitensis 16 M, we found higher production of IFN-␥ in unvaccinated animals than in vaccinated ones. It is not surprising that gamma interferon is virtually absent in vaccinated mice following challenge with the virulent strain. It has been observed that high levels of antibodies and antigen-specific IFN-␥ are strongly related to active Brucella infection in which the pathogen is massively excreted. Similarly, the state of protection against the disease, but not necessarily against infection, provided by the Rev1 vaccine appears to determine the low level of response, except with some techniques (13) . In effect, in the course of infection with intracellular bacteria such as Brucella, it is reasonable to expect that the protection would be accompanied by an high level of IFN-␥. However, many studies showed a lack of correlation between this technique in vitro and the immunity observed in the animals. In conclusion, as previously suggested (32), the magnitude and duration of detectable immune responses should decrease in immune animals, which eliminate infection sooner, thus removing the antigenic stimulus for a high and protracted response. In the protection assay, the protection in mice vaccinated with all B. melitensis rough strains versus control mice was statistically significant. In particular, mice vaccinated with RBM14 and RBM17 exhibited levels of protection similar to those conferred by Rev1 and significantly higher than those in RB51-vaccinated mice. RBM17 conferred the highest protection. RBM9 and RBM15 also conferred good protection similar to that of Rev1, while strains RBM11 and RBM19 showed protective activity similar to that of RB51.
It has been known that the high protection against B. melitensis provided by the Rev1 vaccine can also be attributed to the induction of O-polysaccharide-specific antibodies, which confer a high degrees of protection against S-type challenge Brucella strains. However, the results of this study indicated that strains RBM17 and RBM14, in particular, conferred a very good level of protection despite their inability to induce a protective response by producing antibodies to O antigen. As previously indicated (43) , it is unlikely that the rough antibodies induced by these strains, probably directed against outer membrane proteins of Brucella, could protect against S-type Brucella infection. In fact, the protection conferred by RB51was lower than that conferred by the other strains, despite its marked ability to induce rough antibodies. Here we showed that protective properties of rough strains may be due to their ability to induce a strong cellular Th1 response, as shown by the production of a high concentration of IFN-␥, which is considered to play a crucial role in protection (47) .
The presence of different mutations in the rpoB sequences of all B. melitensis rough mutants did not affect the degree of virulence, since bacterial clearance was similar. However, because of the different protection provided by the strains in this study, in some cases significantly higher than that of RB51, protective properties could be affected by the rpoB genotype. Variations in the rpoB sequence, in fact, could be responsible either directly or indirectly for the induction of more potent cell-mediated responses. Additional studies are needed to define the role of rpoB mutations in protective activity of Brucella spp.
In conclusion, the induction of a level of protection against B. melitensis similar to that of Rev1 and significantly superior to that of RB51, in addition to the inability to produce antibodies to O antigen, encourages further studies especially on strains RBM14 and RBM17 as vaccine strains against B. melitensis infection. The active replication of these strains and their rapid elimination from mice provided a measure of the safety for primary host species. Finally, the stable mutations in the rpoB gene represent specific genetic markers that would make these strains easy to differentiate from field isolates.
